Key Points {#FPar1}
==========

Cytokine storm is an important factor in the rapid deterioration of patients with COVID-19.Tocilizumab, an IL-6 receptor antagonist, is expected to be used in the treatment of cytokine storm caused by COVID-19 and is recommended as an immunotherapy drug for critical COVID-19 patients in China.Tocilizumab should be used cautiously in patients with serious infections, neutropenia, thrombocytopenia, and liver damage.

Introduction {#Sec1}
============

In December 2019, coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was first identified in Wuhan, China, and has spread rapidly in many countries. The team of Nanshan Zhong found that 87.9% patients had fever after hospitalization and in 15.7% patients this developed to severe pneumonia \[[@CR1]\]. When COVID-19 progresses from severe to critical, patients may develop severe cytokine storm, secondary acute respiratory distress syndrome, followed by shock, tissue perfusion disorders, and even multi-organ failure \[[@CR2]\]. Cytokine storm is an important factor in the rapid progression of COVID-19. Therefore, the treatment of cytokine storm is an important part of rescuing severe patients. Currently, there is no specific drug for SARS-CoV-2 and cytokine storm induced by COVID-19. The IL-6 receptor antagonist tocilizumab has been approved by the US FDA for the treatment of cytokine release syndrome (CRS). Since IL-6 is one of the key cytokines involved in infection-induced cytokine storm, the treatment of cytokine storm induced by COVID-19 with tocilizumab has broad prospects. "Diagnosis and Treatment Plan of Novel Coronavirus Pneumonia (seventh trial edition)" in China recommends tocilizumab as an immunotherapy drug for critical patients \[[@CR3]\]. However, the clinical experience and data of tocilizumab in the treatment of COVID-19 are limited. In this paper, several authors who participated in the treatment and consultation of critical and difficult patients and had specific experience in the clinical application of tocilizumab will explain the role of cytokine storm in COVID-19, the mechanism of tocilizumab in treatment of COVID19 and the key points of pharmaceutical care according to the latest research reports and clinical trial progress, so as to provide reference for the treatment of COVID-19.

The Role of Cytokine Storm in COVID-19 {#Sec2}
======================================

Cytokines, which are a group of small proteins secreted by cells and used mainly for inter-cell signaling and communication, have a variety of biological functions such as regulating innate immunity, adaptive immunity, hematopoiesis, cell growth and differentiation, and repairing damaged tissues by binding to receptors \[[@CR4]\]. Cytokines mainly include interleukin (IL), interferon (IFN), tumor necrosis factor (TNF), colony stimulating factor (CSF), chemokine and growth factor. When the human body is invaded by bacteria and viruses, the immune system will release a large number of cytokines \[[@CR5], [@CR6]\]. In this outbreak of COVID-19, some infected patients would suddenly worsen in the later stage and eventually die from multiple organ failure, and the aggravation was mainly caused by cytokine storm \[[@CR7]\].

It can be considered that cytokine storm is a kind of over-immune phenomenon produced by the body in response to external stimuli and then an uncontrolled release of cytokines will lead to systemic inflammation. In 1993, Ferrara et al. first proposed the concept of cytokine storm in graft-versus-host disease \[[@CR8]\]. Then in 2003 after SARS, the concept of cytokine storm gradually emerged due to the extremely high mortality associated with multi-organ failure \[[@CR9]\]. In recent years, chimeric antigen receptor T (CAR-T) cells, as immunotherapy, have used transgenic T cells to attack cancer cells, and have shown remarkable efficacy against previously refractory malignancies. However, patients treated with CAR-T cells produce many potentially life-threatening toxic reactions, and one of the most clinically significant toxic reaction is CRS. The clinical symptoms of CRS involve multiple organ systems, with life-threatening complications including fluid-refractory hypotension and cardiac dysfunction, respiratory failure, coagulopathy, renal and liver failure. CRS occurs because of the high level of immune activation of lymphocytes, macrophages, or myeloid cells with a subsequent massive release of inflammatory cytokines. In CAR-T cell-related CRS, the marked elevation of IL-6 is considered to be one main factor of the symptoms. The level of IL-6 and IFN-γ increase after CAR-T treatment and then stimulate the differentiation of T helper (Th) 17 cells, inducing immunologic response and the development of CRS \[[@CR10]\]. In many cases, cytokine storm and CRS are the same concept \[[@CR11]\].

Previous therapy for controlling cytokine storm with large doses of glucocorticoid may delay the clearance of coronavirus and cause complications of glucocorticoid therapy \[[@CR12]\]. Therefore, it is urgent to find new and specific drug treatment methods.

Tocilizumab and its Mechanism of Action in the Treatment of COVID-19 {#Sec3}
====================================================================

A data analysis of 138 hospitalized COVID-19 patients was published in JAMA on February 7, 2020 \[[@CR13]\], and the course of disease was revealed for the first time in the deceased patients. Neutrophil counts, D-dimer levels, blood urea nitrogen and creatinine levels continued to increase in the dying patients, while lymphocyte counts continued to decrease. It was suggested that the virus induced an increase in the number of neutrophils caused by cytokine storm, leading to clotting activation, hypoxia, shock, and acute kidney injury. These pathological mechanisms may be closely relevant to the death of COVID-19 patients \[[@CR14]\]. A number of recently published articles have analyzed the clinical characteristics of COVID-19 patients, and consistently found that the lymphocyte count was significantly reduced in patients with pneumonia, especially those with severe pneumonia, while numerous cytokines (such as IL-6, IL-10, IL-2 and TNF and IFN-γ) were significantly increased, and pointed out that the high levels of IL-6 and other cytokines in vivo were the main cause of the cytokine storm \[[@CR13]--[@CR17]\]. Jing et al. studied the lymphocyte subsets and cytokines in peripheral blood of 40 patients with COVID-19, and found that the T cell count and cytokine levels of the survivors with severe infection gradually recovered to the same level as those with mild infection in the following time points \[[@CR17]\]. As an inflammatory trigger IL-6 was highly expressed in patients with COVID-19, and could induce the differentiation of B lymphocytes and the production of antibodies, and also participate in the immune response of the body by inducing the proliferation and differentiation of T lymphocytes \[[@CR18]\]. The team of Haiming Wei showed that after the SARS-CoV-2 infection, CD4^+^T lymphocytes were rapidly activated to become pathogenic Th 1 cells and generate GM-CSF, etc. The cytokines environment induced inflammatory CD14^+^CD16^+^ monocytes with high expression of IL-6 and accelerated the inflammation. These aberrant and excessive immune cells might enter the pulmonary circulation in huge numbers and play an immune damaging role in leading to lung functional disability and quick mortality \[[@CR19]\]. IL-6 is also considered to be a key mediator of CRS. Thus, targeted drugs that inhibit IL-6 can block CRS or cytokine storm \[[@CR20]\].

As a monoclonal antibody that can antagonize the IL-6 receptor, tocilizumab has promising prospects. Based on the efficacy of several studies on CRS \[[@CR21], [@CR22]\], tocilizumab is currently approved by the US FDA for the treatment of severe CRS in addition to idiopathic arthritis, rheumatoid arthritis, and giant cell arteritis. Significantly, "Diagnosis and Treatment Plan of Novel Coronavirus Pneumonia (seventh trial edition)" in China \[[@CR3]\] recommends that tocilizumab can be used in patients with extensive bilateral lung lesions and severe lung diseases, who have elevated IL-6 levels in laboratory tests.

The mechanism of tocilizumab in the treatment of COVID-19 remains unclear. According to previous studies, IL-6 is secreted by almost all stromal cells and immune system cells, such as B lymphocytes, T lymphocytes, macrophages, monocytes, dendritic cells, mast cells and other non-lymphocytes, such as fibroblasts, endothelial cells, keratinocytes, glomerular mesangial cells and tumor cells \[[@CR23]\]. Under normal circumstances, the level of IL-6 in the body is very low, and it can be quickly synthesized to strengthen the body's defense function when there is an infection or injury. Excessive release of IL-6 can cause CRS, and the more severe the CRS, the higher the serum peak concentration of IL-6. IL-6 binds to its receptor IL-6R to form a complex, and then binds to the signal transducer glycoprotein 130 (gp-130) to initiate signal transduction and trigger downstream signal transduction and gene expression. IL-6R exists not only in membrane-bound form (mIL-6R), but also in soluble form (sIL-6R). In the classical signal transduction pathway, IL-6 binds to mIL-6R to form a complex, and then binds to gp-130, causing downstream reactions, such as anti-inflammatory effects, that are limited to such cells that express mIL-6R. In the trans-signaling pathway, IL-6 forms a complex with sIL-6R and gp-130, which initiates intracellular signal transduction in the absence of mIL-6R, and the pathway has inflammatory effects \[[@CR24]\]. The next steps were to induce the synthesis of acute reactive protein through two completely different signaling pathways. One IL-6 signaling pathway is mediated by the JAK/STAT tyrosine kinase system, while the other is mediated by the Ras/mitogen-activated protein kinase (MAPK)/NF-κB-IL-6 pathway. The former is a major pathway \[[@CR25], [@CR26]\].

In the classical signal pathway, many cells cannot respond to IL-6 signal because of the lack of expression of IL-6R, while some of these cells can be stimulated by sIL-6R-IL-6 complex to respond to IL-6 signal and cause cell signal transduction \[[@CR25], [@CR27]\]. The trans-presentation signal is suppressed by extracellular gp-130, and extracellular gp-130 can form a complex with sIL-6R to prevent sIL-6R from binding to membrane-bound gp-130 \[[@CR23]\].

The classical signal is limited to the cells (macrophages, neutrophils, T cells, etc.) that express IL-6R, and plays a leading role in the low level of IL-6. However, when the level of IL-6 increases, IL-6 signal is widely expressed, because gp-130 is everywhere. In this way, IL-6 trans signaling via the sIL-6R can activate virtually all cells of the body and then regulate pro-inflammatory reactions. Blocking of trans-signaling was effective in a variety of preclinical chronic and autoimmune disease models \[[@CR28]\]. Tocilizumab, which is a humanized anti-IL-6R monoclonal antibody, can bind to both mIL-6R and sIL-6R and then inhibit classical and trans-signals. This may be its potential mechanism for the treatment of cytokine storm in COVID-19 (see Fig. [1](#Fig1){ref-type="fig"}).Fig. 1The potential mechanism of tocilizumab in the treatment of cytokine storm induced by COVID-19 *SARS*-*CoV*-*2* severe acute respiratory syndrome coronavirus 2; *IL* interleukin, *MAPK* mitogen-activated protein kinase

Progress in Clinical Trials of Tocilizumab in the Treatment of COVID-19 {#Sec4}
=======================================================================

To date, several independent clinical trials have been initiated globally to explore the efficacy and safety of tocilizumab for the treatment of patients with COVID-19.

A prospective multicenter randomized controlled clinical study led by the first affiliated hospital of university of science and technology of China has been registered in the Chinese clinical trial registry. This study included 188 patients with common type (including critical risk factors) and severe COVID-19 and is expected to be completed in May 2020 \[[@CR29]\] (see Table [1](#Tab1){ref-type="table"}).Table 1A multicenter, randomized controlled trial of tocilizumab in the treatment of COVID-19 \[[@CR29]\]ItemsDetailsRegistration numberChiCTR2000029765 Date of registration2020-02-13Public titleA multicenter, randomized controlled trial for the efficacy and safety of tocilizumab in the treatment of new coronavirus pneumonia (COVID-19) Applicant's institutionThe First Affiliated Hospital of University of science and technology of ChinaApproved No. of ethic committee2020-XG(H)-008: The First Affiliated Hospital of University of science and technology of China Ethics committeeInclusion criteria1. The patients who were diagnosed with the common type of NCP (including severe risk factors) and severe cases of new coronavirus pneumonia2. Aged 18--85 years3. IL-6 elevated (using Elisa method, using the same company kit)4. Patients or authorized family members volunteered to participate in this study and signed informed consentDefinition of Novel Coronavirus Pneumonia (NCP) clinical cases: Regular patients with NCP (including severe risk factors): patients with dual pulmonary lesions based on common NCP clinical symptoms accompanied by fever or no fever; Critical NCP patient: Refer to the "New Coronavirus Pneumonia Diagnosis and Treatment Plan (Fifth Edition)" formulated by the National Health Commission Exclusion criteriaPatients who are participating in other drug clinical trials; Pregnant or lactating women; ALT/AST \> 5 ULN, neutrophils \< 0.5 × 10^9^/L, platelets less than 50 × 10^3^/μL; Definite diagnosis of rheumatic immune-related diseases; Long-term oral anti-rejection or immunomodulatory drugs; Hypersensitivity to tocilizumab or any excipients; Patients with active pulmonary tuberculosis, with definite bacterial and fungal infections*ALT* alanine aminotransferase; *AST* aspartate aminotransferase; *ULN* upper limit of normal

In the first phase of the study, all 14 COVID-19 patients (the oldest patient was aged 82 years, including 9 severe patients and 2 critical patients) had diffuse lesions in both lungs before treatment, and 11 had persistent fever. After treatment with the new regimen of tocilizumab combined with conventional therapy, the body temperature of all 11 patients with fever dropped to normal within 24 h. Meanwhile, the respiratory function and oxygenation index were improved in different degrees. CT scan showed obvious improvement of pulmonary lesions in 4 patients. Therefore, for patients with severe COVID-19 caused by cytokine storm, tocilizumab is a drug worthy of clinical research.

In addition, Genentech, a member of the Roche Group, announced that the US FDA has approved a Phase III clinical trial for tocilizumab to treat severe covid-19 pneumonia on March 23, 2020. This is a randomized, double-blind, placebo-controlled Phase III study to evaluate the safety and efficacy of intravenous tocilizumab added to standard of care in adult patients hospitalized with severe COVID-19 pneumonia compared to placebo plus standard of care. The primary and secondary endpoints include clinical status, mortality, mechanical ventilation and ICU variables. Patients will be followed up for 60 days post-randomization, and an interim analysis will be conducted to look for early evidence of efficacy \[[@CR30]\].

Clinical Application of Tocilizumab {#Sec5}
===================================

A research team from University of Science and Technology of China immediately carried out a small clinical study in the first affiliated hospital (our hospital) and Anhui Fuyang second people's hospital after discovering the mechanism of cytokine storm in COVID-19 patients. During the period from February 5 to 14, the COVID-19 patients diagnosed as severe or critical in these two hospitals were given tocilizumab in addition to routine therapy. Within a few days, the fever returned to normal and all other symptoms improved remarkably. By the time their paper was published, 15 patients (75.0%) had lowered their oxygen intake and 1 patient no longer needed oxygen therapy. CT scans manifested that the lung lesion opacity absorbed in 19 patients (90.5%). The percentage of lymphocytes in peripheral blood, which decreased in 85.0% patients (17/20) before treatment (mean, 15.52 ± 8.89%), returned to normal in 52.6% patients (10/19) on the fifth day after treatment. Abnormally elevated C-reactive protein decreased significantly in 84.2% patients (16/19). No obvious adverse reactions were observed. Nineteen patients (90.5%) have been discharged on average 13.5 days after the treatment with tocilizumab and the rest are recovering well \[[@CR31]\].

Patient Selection and Administration {#Sec6}
------------------------------------

### Recommendation of Drug Instruction from the US FDA {#Sec7}

Tocilizumab is recommended for adults and pediatric patients aged ≥ 2 years with CAR-T cell-induced severe or life-threatening CRS to be used alone or in combination with glucocorticoids (see Table [2](#Tab2){ref-type="table"} for specific usage and dosage \[[@CR32]\]).Table 2Dosage and administration for CRSWeight (kg)Single dose (mg/kg)Intravenous formulation\< 0 12Dilute to 50 mL in 0.9% or 0.45% sodium chloride injection≥ 308Dilute to 100 mL in 0.9% or 0.45% sodium chloride injection*CRS* cytokine-release syndrome

Doses exceeding 800 mg per infusion are not recommended in CRS patients. The duration of a single intravenous drip should be maintained for more than 1 h. Subcutaneous administration is not recommended for the treatment of CRS. If no clinical improvement in the signs and symptoms of CRS occurs after the first dose, up to 3 additional doses of tocilizumab may be administered. The interval between consecutive doses should be at least 8 h.

### Recommendation of Chinese COVID-19 Diagnosis and Treatment Plan {#Sec8}

Tocilizumab has not been approved for CRS in China. However, "Diagnosis and Treatment Plan of Novel Coronavirus Pneumonia (seventh trial edition)" in China \[[@CR3]\] recommended that tocilizumab could be used in patients with extensive lung lesions and severe diseases, and those with high IL-6 levels in laboratory tests. For the first dose of 4--8 mg/kg, the recommended dose is 400 mg, diluted to 100 mL with 0.9% sodium chloride injection, and the infusion time is more than 1 h. For patients with poor efficacy of the first dose, an additional dose (the dose is the same as before) can be applied after 12 h, with a maximum of 2 cumulative doses and a maximum of 800 mg for a single dose.

Drug Safety Monitoring {#Sec9}
----------------------

Since its introduction, tocilizumab has shown good efficacy and safety in the treatment of a variety of autoimmune diseases. Ferfar et al. \[[@CR33]\] summarized a number of literatures on tocilizumab treatment of Takayasu arteritis and found that its use could reduce (or even stop) the dosage of glucocorticoids. Samson et al. \[[@CR34]\] prospectively observed 20 patients with giant cell arteritis treated with prednisone combined with tocilizumab (8 mg/kg, intravenous infusion once every 4 weeks), and confirmed the same findings at 52 weeks of follow-up.

A randomized, double-blind, Phase III clinical study showed that 18 patients with Takayasu arteritis treated with tocilizumab did not experience serious infections and deaths, nor did they have new and more prominent safety issues compared with the placebo group \[[@CR35]\]. Ferfar et al. \[[@CR33]\] reviewed the use of tocilizumab to treat 38 patients with Takayasu arteritis, including 2 cases of liver injury, 2 cases of infection, and 4 cases of leukopenia, and the incidence of adverse drug reactions reached 21%. This is consistent with the results of a Chinese study on the safety of tocilizumab in the treatment of Takayasu arteritis \[[@CR36]\]. However, these studies are small in sample size and need to be further confirmed by multicenter large sample studies.

Based on the above studies, drug instructions of China and the US FDA, the following adverse reactions need to be noted. (1) *Serious infections:* The most common serious infections included pneumonia, urinary tract infection, cellulitis, herpes zoster, gastroenteritis, diverticulitis, sepsis and bacterial arthritis. (2) *Gastrointestinal perforations:* Gastrointestinal perforations were primarily reported as complications of diverticulitis including generalized purulent peritonitis, lower GI perforation, fistula and abscess. Most patients who developed gastrointestinal perforations were taking concomitant nonsteroidal anti-inflammatory drugs (NSAIDs), corticosteroids, or methotrexate at the same time. (3) *Infusion reactions:* The most frequently reported event on the 4 mg/kg and 8 mg/kg dose during the infusion was hypertension, while the most frequently reported events occurring within 24 h after infusion were headache and skin reactions. These events were not treatment limiting. (4) *Anaphylaxis:* These reactions were generally observed during the second to fourth infusion of tocilizumab. (5) *Abnormal laboratory indexes:* Such as thrombocytopenia, elevated liver enzymes and elevated lipid parameters (total cholesterol, LDL, triglycerides).

The above adverse reactions data were obtained from a series of randomized controlled clinical studies of long-course treatment with tocilizumab. However, whether the adverse reactions will occur during the short-course treatment of COVID-19 needs to be further demonstrated.

For all these reasons, the safety monitoring of tocilizumab mainly includes the following three points: (1) Risk of serious infections including tuberculosis, bacteria, invasive fungi, viruses, and other opportunistic infections, leading to hospitalization or death. If severe infection occurs, tocilizumab should be discontinued until the infection is under control. Perform a latent tuberculosis test and, if positive, start treating tuberculosis before starting tocilizumab. Monitor active tuberculosis for all patients during treatment. (2) Tocilizumab should be used with caution in patients with absolute neutrophil count (ANC) \< 2×10^9^/L, and is not recommended for patients with ANC \< 0.5 × 10^9^/L. Tocilizumab should be used with caution in patients with a platelet count less than 100 × 10^3^/μL, and is not recommended for patients with platelet counts less than 50 × 10^3^/μL. (3) Care should be taken when starting tocilizumab in patients whose ALT or AST rises above the 1.5-fold upper limit of normal. For patients whose ALT or AST rises above the 5-fold upper limit of normal, tocilizumab is not recommended.

The Use of Tocilizumab in Special Populations {#Sec10}
---------------------------------------------

The following information is mainly from the drug instructions of China and the US FDA.

*Pregnant women* It is known that tocilizumab actively crosses the placenta in late pregnancy and may affect the fetal immune response. It is not yet possible to predict drug-related birth defects and the risk of miscarriage. In animal reproduction studies \[[@CR32]\], intravenous administration of tocilizumab during organogenesis in cynomolgus monkeys may result in miscarriage or stillbirth at doses higher than the maximum recommended dose of intravenous administration of 8 mg/kg every 2--4 weeks. Animal experiments have shown that inhibition of the IL-6 signal may interfere with cervical maturation, expansion and contraction of the uterine muscle, which may be potentially dangerous to the fetus \[[@CR32]\].

*Older adults* Current studies suggest that patients aged ≥ 65 years treated with tocilizumab have a higher rate of severe infection than patients ≤ 65 years. Due to the higher infection rate of the elderly in general, care should be taken in their treatment \[[@CR32]\].

*Patients with liver damage* There is a lack of pharmacokinetic data on the use of tocilizumab in patients with liver damage.

*Patients with renal impairment* Mild renal impairment (creatinine clearance \< 80 mL/min and ≥ 50 mL/min calculated by the Cockcroft-Gault formula) did not affect the pharmacokinetics of tocilizumab. In clinical trials of giant cell arteritis, approximately one-third of patients had moderate renal impairment at baseline (creatinine clearance was between 30 and 59 mL/min), and no effect on tocilizumab exposure was found in these patients \[[@CR32]\].

Conclusion {#Sec11}
==========

It has been confirmed by the recent reports on the clinical characteristics of COVID-19 and the mechanism of disease progression that cytokine storm played a key role in the rapid progress of the disease. IL-6 is one of the key cytokines involved in infection-induced cytokine storm. Tocilizumab can block the downstream signal transduction by binding mIL-6R and sIL-6R and play a role in the treatment of cytokine storm caused by COVID-19. Currently, the usage and dosage of tocilizumab for COVID-19 are still being explored. The clinical use of tocilizumab can be referred to drug instruction from the US FDA for the treatment of CRS or "Diagnosis and Treatment Plan of Novel Coronavirus Pneumonia (seventh trial edition)" in China. Be aware of the risk of serious infection, neutropenia or thrombocytopenia, and liver damage caused by tocilizumab. There is no need to adjust the dose of tocilizumab in patients with mild or moderate renal insufficiency, and the data of using tocilizumab in pregnant women and patients with liver injury are insufficient.
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